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Photoneutrons, emitted by means of photonuclear interactions when gas bremsstrahlung interacts with beam- 
line components, can be another potential radiation source needed to be considered for shielding design and 
dose assessment of beamline. In this paper, simulations and measurements of photoneutrons dose rate at beam- 
line BLOOU are carried out when Shanghai Synchrotron Radiation Facility (SSRF) running at Top-up mode 
(3.5 GeV, 235 mA). A geometry model is constructed for the beamline BLO9U with considerations of the 
scattering process of the major optical components. The model is compiled into Monte Carlo simulation code 
FLUKA to calculate photoneutron dose distribution. Measurements of the photoneutrons dose rate were per- 
formed by using Environmental Neutron Monitor (ENM). Observation points were arranged uniformly along 
the inside and outside of the optical enclosure (OE) of BLO9U. The calculation results agree with experiments 
within the measurements uncertainties. It is verified that photoneutrons dose simulation is reliable. The simula- 
tion and measurement methods can be applied to evaluate the neutron dose level of other beamline stations, and 
provide references for the shielding design of the beamlines at SSRF in the near future. 


Keywords: Gas bremsstrahlung, Photoneutron, Monte Carlo simulation, Radiation dose, Synchrotron radiation facility 


DOI: 10.13538/j.1001-8042/nst.25.050101 


I. INTRODUCTION 


In synchrotron radiation facility, gas bremsstrahlung (GB) 
is generated by interaction of high energy electrons with 
residual gas molecules in the vacuum chamber of a storage 
ring, in which electron beams are circulating. Each straight 
section of the storage ring with an insertion device (ID) is 
placed to generate synchrotron radiations, and the GB is like 
a radiation source of narrow monodirectional photon beam, 
with an opening angle of just moc?/ Eo, and energy spec- 
trum range extends up to that E and continuously distributes 
as 1/ Eo, where moc? is the electronic static energy and Ey 
is the primary electron beam energy [1, 2]. GB, together 
with synchrotron radiation source generated at insertion de- 
vices, can travel into beamline stations and interact with op- 
tical components on the beamline to produce secondary par- 
ticles. Photoneutrons are produced by photonuclear reaction 
when photon energy exceeds a certain critical (5-15 MeV). 
There are three main processes in which photoneutrons may 
be produced by high energy (Ey) photons: nuclear giant 
dipole resonance and decay (10MeV « E, « 30MeV), 
quasi-deuteron production and decay (50MeV « E, « 
300 MeV), and intranuclear cascade and evaporation (E, > 
140MeV) [3]. Photoneutrons pose a shielding problem in 
addition to the secondary radiation of scattered photons and 
should be taken into account in shielding design, particularly 
for beamlines extracted from insertion devices placed in the 
straight sections. 

Studies have been made by many researchers on photoneu- 
tron generated from gas bremsstrahlung. Earlier calculations 
of photoneutron yield were mainly based on the track length 
that photons transport in the target and the cross section of 
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photonuclear giant resonance neutrons [4, 5], and the pho- 
toneutron yield was estimated by a separate post-processing 
manner rather than in an integrated manner. Experiments 
were carried out on some high energy accelerators about the 
photoneutron dose from photonuclear reactions with differ- 
ent targets [3]. However, only a single position was chosen 
for the measurement and only giant resonance neutrons were 
considered. Shen et al. calculated photoneutron spectrum for 
all energy ranges only for lead target [6]. 

In this paper, a typical ID beamline BLO9U of Shanghai 
Synchrotron Radiation Facility (SSRF) is used for photoneu- 
tron dose rate study. Each object of this beamline concerned 
with photoneutrons is taken care. Optical enclosure (OE) 
with essential optical devices in it, where is the main area 
photoneuclear interaction takes place, is used to construct ge- 
ometry model for Monte Carlo simulations. Experiments are 
performed by using calibrated high sensitivity Environmental 
Neutron Monitor (ENM) inside and outside of the OE along 
the beam axis. By these methods, dose distribution of pho- 
toneutron at this beamline can be assessed. In the simula- 
tions, photoneutrons with full energy range are considered. 
Dose distribution of photoneutrons is affected by GB inten- 
sity and opening sizes of slits, which is also considered by 
simulation method. 


Il. METHOD 


A. Beamline BLO9U 


Beamline BLO9U named as ultra-high resolution wide 
range photoemission beamline, producing soft X-ray and low 
power synchrotron radiation. As a schematic view shown in 
Fig. 1, the BLO9U has three parts: two switchable insertion 
devices which installed on a standard section of the storage 
ring producing radiation source, beamline transferring radia- 
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Fig. 1. Schematic view of main optical components of BLO9U. 


tion light, and stations using light for Photo-emission Elec- 
tron Miscroscopy (PEEM) and Angle Resolved Photoemis- 
sion Spectroscopy (ARPES). Gas bremsstrahlung transferring 
in the beamline and interacting with some key components 
can be illustrated by GB ray-tracing map as shown in Fig. 2. 
Effective length of standard straight section is 12.5 m. The 
distance from center of insert to optical enclosure is 17.8 m. 
The key components from left to right are safety shutter, 
ratchet wall, slits, collimators, reflection mirror, OE hutch 
wall and monochromater. 


B. Simulation of photoneutron dose rate 


Photoneutons are produced by three photoneuclear interac- 
tions processes when GB transferring in beamline. The trans- 
portation is simulated by FLUKA code in this study. The 
FLUKA code is a fully integrated particle physics Monte 
Carlo simulation package, which includes whole hadronic 
and electromagnetic interactions, charged particle tracking, 
low-energy neutron transport and full tracing of secon- 
daries [7, 8]. The transportation of GB simulated by FLUKA 
includes: the production of bremsstrahlung from the straight 
section, the generation of electromagnetic cascade shower 
from the interaction between bremsstrahlung and optical de- 
vices, and the photoneutron produced in photoneuclear in- 
teractions. The photoneutron dose distribution in full en- 
ergy results from these processes are calculated with the same 
method given by Pelliccioni M. [9]. 

Simulations on transportation of GB need conditions de- 
scribed as follow. The electron beams travel in a vacuum tube 
of 12.5 m in length, and move to the next unit of storage ring, 
a deflection magnet of 1.27 T at the end of the straight sec- 
tion. The straight section is of 0.41 nTorr in average vacuum, 
with the Z value of 3.42 for the residual gases in the storage 
ring, as shown in Table 1. 


TABLE 1. Compositions of residual gas in the storage ring of SSRF 


Atomic Residual gas Mole fraction Weight percent 
number composition (96) (96) 

2 H, 89 35 

10 H;O 1 4 

14 CO 8 45 

18 Ar 1 7 

22 CO, 1 9 


In the simulation, geometry model is constructed including 
key components of BLO9U based on the GB ray-tracing map 
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Fig. 2. (Color online) Illustration for bremsstrahlung ray-tracing 
map. 


(Fig. 2). The positions of each key components and size of 
holes are set up according to the bremsstrahlung ray tracing 
map. The materials and geometry structures of them are in- 
cluded in the simulation model. Other devices such as films 
window and fluorescent have minimal effects on scattering 
photoneutrons, therefore, the influence of them on the calcu- 
lation results can be ignored. So they are not considered in 
the geometry model construction. BLO9U is now in commis- 
sioning, so the slit aperture is 0.5 mm x 0.5 mm for the sake 
of device protection. The sizes of slits opening at its upper 
limit 9.0 mm x 9.0 mm is also considered in the simulation. 


C. Measurement of photoneutron dose rate 


An experiment was carried out at beamline BLO9U to 
verify the simulation method. In this experiment, a high 
sensitivity neutron detector ENM (Beijing High Energy 
Radiation Protection Technology Co.) is utilized. The 
BF, proportional counter tube in ENM is a cylinder (? 
50mm x 350 mm), 600 mmHg pressure, and placed in the 
center of a 6.5-cm wide cylinder polyethylene moderation 
tube, with the response range of 0.25 eV-16 MeV, dose rate 
limit of 71 nSv/h, and the sensitivity of detecting neutrons of 
minute quantity. It is insensible to y-rays at photon dose rate 
of «650 uSv/h. Its total uncertainty is 1196 [10]. 

The experiment was carried out when the SSRF was run- 
ning at Top-up mode. The electron beams energy is at 
3.5 GeV and current is 235 mA, with an average beam life- 
time of 16 h and 0.41 nTorr of vacuum in the straight section. 
The background of neutron dose rate was measured after the 
closure of the safety shutter at the front end. The background 
measured was 7 nSv/h and 5 nSv/h inside and outside the op- 
tical enclosure, respectively. By opening the safety shutter, 
and letting the GB go into the beamline, the neutron dose rate 
was measured at two sets of seven positions along the beam 
transmission direction, with the first position placed at 0.6 m 
away from the ratchet wall (Fig. 3). Inside the optical enclo- 
sure at 0.7 m away from the beam axis, and outside the optical 
enclosure at 0.2 m away from the OE wall, seven monitoring 
points each were arranged, with an interval of 1 m between 
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Fig. 4. (Color online) Dose rate distribution of photoneutrons in optical enclosure (plane view). 


the neighboring points. The ENM detector was placed at each 
point at the same height of the beam (1.3m). The measure- 
ment time for each point is 3—5 min. 


IIl. RESULTS AND DISCUSSION 


The dose distribution of photoneutron by FLUKA simula- 
tion is shown in Fig. 4. Out of ratchet wall, the photoneutron 
dose is only found at OE area. The GB losses energy mainly 
on the slit (here the slit aperture is 0.5 mm x 0.5 mm). Pho- 
toneutron is produced from high energy photon interacting 
with slits made of copper, and the dose rate of photoneutron 
is of isotropic distribution centered on the slits. It's more than 
10 uSv/h on the slits, but at a distance of 0.7 m away from the 
center it drops to 0.6 uSv/h. Out of the GB hutch wall, dose 
rate of photoneutron is about 0.15 uSv/h. Photoneutron spec- 
trum emitted from slits is also given by FLUKA simulation 
(Fig. 5). The photoneutron spectrum has peak at 1-2 MeV, 
which means the giant resonance interaction dominates in this 
case. The energy range of ENM detector is 0.25 eV—16 MeV, 
which means the major part of neutrons detected by ENM 
are giant resonance neutrons. To make the results of simula- 
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Fig. 5. Statistics of the neutron spectrum produced from the slits. 
tion and measurement be comparable, the dose distribution of 


photoneutrons produced from nuclear giant dipole resonance 
and decay was also calculated. The measurement and simu- 
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Fig. 6. Neutron dose rate inside the optical enclosure 0.7 m away from the beam axis (a) and outside the optical enclosure (b). 
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Fig. 7. Dose rate at slit apertures of 0.5 mm x 0.5mm and 
9.0 mm x 9.0 mm. 


lation results are shown in Fig. 6. 


Figure 6(a) shows the results inside the optical enclosure. 
The measurement results are in good agreement with the dose 
rate calculated for the giant resonance neutrons only. Larger 
differences (« 32%) can be found in the low dose rate region, 
such as the data points near the end of optical enclosure (at 
5.5—6.5 m), the reason is that statistical error of calculation 
and uncertainty of measurement become more important at 
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low levels of the neutron dose. The giant resonance neutrons 
contribute about 83% of the results of all neutrons. 

In Fig. 6(b), the results outside the optical enclosure show 
the same trend as the results in Fig. 6(a). The calculated dose 
rates for giant resonance neutrons also agree well with the 
experimental results. The giant resonance neutrons contribute 
about 78% of the results of all neutrons. 

Dose rate simulated at slits apertures 0.5mm x 0.5mm 
and 9.0mm x 9.0mm are shown in Fig. 7. Here, the GB is set 
at the highest intensity when electron beam current intensity 
is of 300 mA and the vacuum is of 1 nTorr in straight section. 


IV. CONCLUSION 


In this study, photoneutron doses inside and outside the op- 
tical enclosure of the typical ID beamline BLO9U of SSRF 
at its Top-up mode were simulated and measured. The cal- 
culation results agree well with the experimental results, in- 
dicating that the simulation of photoneutron doses by using 
FLUKA code is reliable. The simulation and measurement 
methods can be applied to evaluate the neutron dose level of 
other beamline stations, and will provide references for the 
shielding design of the following beamlines at SSRF in the 
near future. 
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